INTRODUCTION
According to the World Health Organization (WHO), on average, 8 to 10 million people are exposed to tuberculosis (TB) every year and this number is still increasing. Pulmonary tuberculosis originating from Mycobacterium tuberculosis (MT) is one of the major causes of death in patients infected with the hu-man immunodeficiency virus. Clinically, the most common problem concerning tuberculosis is its 'multidrug resistance' since there is no regime or new drug that can overcome this resistance 1 
.
Mycobacterium is an organism which has its own idiosyncratic family, Mycobacteriaceae with 140 well-defined and investigated species 2 . Of the species of this family that have spread over wide areas, M. tuberculosis, M. bovis, M. africanum, and M. microti are responsible for the development of tuberculosis, and M. leprae and its subspecies are responsible for the development of leprosy 3 .
The genome structure of MT consists of 4,411,529 base pairs and 4,000 genes providing this species with various and rapid coding capacity and ease of adaptation to the development of multidrug resistance unlike any other subspecies of the same family 4 . There are two different approaches to seeking a treatment option for multi-drug resistant tuberculosis (MDR-TB). The first is to find and validate new biomacromolecular targets in the biochemical pathways of MT or test molecules with known structures over validated targets that have not previously been tested for MDR-TB. However, this is not the first preference due to the fast adaptation capacity of MT. The second approach involves an exploration of new compounds including tetracycline, cephalosporin and quinolone ring systems and further investigation of existing and validated targets 5 .
DNA gyrase is a type of topoisomerase II, introducing supercoils to DNA using ATP hydrolyse energy. It is constructed by GyrA and GyrB subunits, which merge to form the heterodimer A 2 B 2 structure. The amino terminal of the GyrB subunit (43kDa) is responsible for ATPase activity and the carboxy-terminal (47kDa) facilitates the interaction between protein A and DNA. Together, GyrA and GyrB break and reunite DNA. In this process, GyrB utilises the energy released from ATP hydrolyse at the N-terminal 6 . With this function, either the DNA or ATP binding cavities can be blocked by inhibitors for the termination of growth; therefore, DNA gyrase of MT has become a precious dual target for the treatment of MDR-TB.
Fluoroquinolones, DNA binding cavity inhibitors, are the only group of DNA gyrase inhibitors that are clinically used. However, along with rapid bacterial resistance, fluoroquinolones present with serious side effects and toxicity 7 . Therefore, the catalytic domain (ATPase) of GyrB N-terminal has become a popular topic of research 8 .
In general, a computer-assisted drug design follows ligand-and structure-based methodologies, in which ligand libraries are virtually screened using various techniques. In the past few decades, these designs have led to the development of successful drug molecules including dorzolamide, imatinib and raltegravir [9] [10] [11] [12] [13] [14] . Although various valuable crystal structures of the DNA gyrase of MT have been proposed to enlighten its working mechanism [15] [16] [17] , none has so far demonstrated the interaction between major inhibitor novobiocin and the catalytic domain (ATPase) of GyrB. Previously, we designed a homology model of MT DNA GyrB ATPase active site using the crystal structure of the 43K ATPase domain of Thermus thermophilus gyrase B in complex with novobiocin (RSCB Pdb id; 1KIJ) as a template and maintaining novobiocin and water in the hydrophobic pocket, which are assumed to be important for the ligand activity 18 .
In the present study, we prepared various datasets for the enrichment of 1,442,716 compounds from the ZINC database using known DNA GyrB ATPase active molecules and performed high throughput virtual screening (HTVS) with different docking protocols to evaluate the role of water molecules in the ligandbinding cavity. In addition, the evaluation of docking scores using ROC curves allowed us to verify the true positive binders that can be used as cores in future studies. Moreover, eleven molecules with the highest score were tested using the MT gyrase supercoiling assay against the novobiocin standard for inhibitor activities. Finally, we identified molecular interaction fields (MIF) and performed a distance/interaction probability analysis on the active ligand to investigate how new probable active derivatives can be produced from the core.
METHODOLOGY

Materials
The dataset used in this study is a pre-prepared subset of the ZINC data bank, 'clean-leads-subset (# 11)' (logP values < 3.5, molecular weight < 350, rotational number of bonds £7 and 1.442.716 compounds,). The compounds selected for biological testing were purchased from Molport Chemicals (Latvia) with 99.5% minimum purity and used after confirming the results of the LC-MS/MS and elemental analysis supplied by the dealer.
The preparation of the protein structure and ligands, trial and test sets, grid files, docking and scoring were performed using algorithms from the Maestro modules (Schrodinger Inc, USA). For the preparation of ROC curves and interaction graphics, the Molecular Operating Environment (MOE) software (Chemical Computing Group Inc., Canada) was used and the MIF analysis was performed in the GRID 22c software (Molecular Discovery Inc, UK).
The biological activities were tested using the MT gyrase supercoiling assay (Inspiralis Inc. UK, MTS001 and MTS002) and novobiocin as the reference standard (CAS, 1476-53-5, AppliChem, Germany).
Homology modelling and preparation of protein structure
The homology model used in this study was simulated using the crystallographic structure of Thermus thermophilus Gyrase B 43k ATPase domain in a complex form with novobiocin (Pdb id; 1KIJ, resolution; 2.30 A o ). This structure was chosen due to its 43% sequence similarity (Basic Local Alignment Search Tool, E value: 2e-77) to the MT DNA GyrB sequence of the UniProtKB database (UniProtKB/Swiss-Prot P0C5C5). During modelling, various water molecules which were assumed to be responsible for ligand-protein interactions were maintained as recommended in previous research 19 . Furthermore, the protein preparation wizard from the workflows menu of Maestro was utilised for hydrogen insertion, rotamer adjustment and H-bond optimization using the parameters of Optimized Potentials for Liquid Simulations (OPLS 2005) force field.
Preparation of trial and test sets
Initially, the 'clean-leads-subset (# 11)' with the characteristics given above were downloaded from the ZINC database in the sdf format. This dataset was enriched with 29 DNA gyrase ATPase site ligands, the activity of which had previously been proven. The ligands were prepared using the LigPrep module of Maestro (Schrodinger Inc.) by generating possible ionization (pH 7±2) and tautomeric states. Duplicated structures and salt forms were eliminated. During the course of the study, the enriched dataset was used as a whole as the 'test set' and randomly selected 11,000 plus 29 active compounds were used as the 'trial set'.
Preparation of grid files
All the grid files for the MT DNA gyrase ATPase active sites were prepared using the Maestro Glide-Receptor Grid Generation tool. A receptor-binding pocket was defined by taking 6 A° surrounding area of novobiocin as the centroid. During preparation, the original ligand was excluded and a scaling factor of 1.0 and a partial charge cut-off of 0.25 were used as the parameters for the Van der Walls radius-scaling factor. Using these parameters, two different grid files were prepared; -Unrestricted (positioning all the compounds based on the original ligand being the centroid) -Restricted with ASP 79 and/or HOH 539 (either making bond with ASP 79 and/or HOH 539 or defining the position of ligands based on the position of HOH 539)
Trial set docking, scoring and ROC curves
The trial set was docked using Glide HTVS, SP and XP protocols in the unrestricted and restricted grid files. The basic settings for HTVS, SP and XP algorithms were set as; treating the receptor as rigid and the ligands as flexible, dock-ing without using a core pattern comparison algorithm, using the constraints from grid files if needed, writing 100,000 poses per docking run and performing a post-docking minimization on the top five poses. The glide docking score was used as the principal score parameter. Then, the results were transferred to the MOE software in the sdf format, re-opened, lined up in an ascending manner corresponding to the maximum docking score for each compound and evaluated using ROC curves with SVL scripts in MOE.
Test set, docking, scoring and ROC curves
The test set was docked using the Glide HTVS methodology and restricted grid files. Then, to reduce the computer load, 240,000 molecules with the highest score were re-docked following the SP protocol and rescored in place by the XP algorithm. For experimental consistency, the basic settings for HTVS, SP and XP algorithms and the steps followed for the evaluation of ROC curves were kept the same as those used for the trial set.
Biological activity
Eleven compounds were tested with the MT gyrase supercoiling assay at the concentrations of 1 mg/20, 50, 100 µL using novobiocin as the reference standard for comparison purposes. Furthermore, the most active compound, 5-(4-aminophenoxy)-2-(3-aminophenyl)-2,3-dihydro-1H-isoindole-1,3-dione (10), was re-evaluated in the concentration range of 0.1to 2 mg/100 µL (2.8-57 mM) compared to the same concentrations of novobiocin (1.6-32 mM).
DNA gyrase supercoiling assays were performed according to the manufacturer's instructions and analysed by monitoring the conversion of relaxed pBR322 plasmid to its supercoiled form using DNA gel electrophoresis. Essentially, 1 U of either E. coli or S. aureus DNA gyrase was first diluted in a 5×gyrase buffer and incubated in an assay buffer (35 mM Tris HCl at pH 7.5, 24 mM KCl, 4 mM MgCl 2, 2 mM DTT, 1.8 mM spermidine, 1 mM ATP, 6.5% w/v glycerol, and 0.1 mg/mL BSA) with 0.5 µg of pBR322 plasmid and compound dilutions at 37
• C for 30 min. Reactions were stopped with the addition of stop dye (40% sucrose, 100 mM Tris HCl at pH 7.5, 1 mM EDTA, and 0.5 mg/mL bromophenol blue) and loaded onto TAE agarose gel (1%). Gels were visualised using a gel documentation system (Bio-Rad ChemiDoc). Since high levels of dimethyl sulfoxide (DMSO) are known to affect DNA gyrase activity, titration was used to determine the minimum amount of DMSO to be used in the assays, and 5% DMSO (with negligible or no effect on gyrase) was chosen to dilute the compounds 20 .
MIF and distance/interaction probability analysis
The maximum scoring docking pose of 5-(4-aminophenoxy)-2-(3-aminophenyl)-2,3-dihydro-1H-isoindole-1,3-dione (10) was converted to the pdb format and re-opened in the greater user interface of GRID 22c (Molecular Discovery Inc, England). During grid manufacturing process, automatic settings were used for loading, file correction and site marking around ligands. The calculations were run using the following; R-NH 2 (including unbounded electrons), R 1 R 2 NH (including unbounded electrons), CONH 2 , ROR, RCOR, R-OH, Ph-OH, water and hydrophobic probes and charges were kept the same. All visualisations were performed in the MOE software. The distance/interaction probability analysis was conducted using the 'Ligand-receptor contacts (visualisation+scoring) svl'.
RESULTS AND DISCUSSION
Trial set docking, scoring and ROC curves
The enriched trial set was docked to the homology model and scored using HTVS, SP and XP algorithms with both unrestricted and restricted grid files. During this process, the native ligand novobiocin was docked to its original position smoothly (RMSD 0.83-0.85 A o ) showing similarities and interactions with the original x-ray crystallographic data.
A weakness of the docking program is related to the scoring functions. In this study, we used maximum docking scores for ROC curves to evaluate accuracy powers in discriminating interaction patterns. The ROC curves used in these experiments are plots of the true positive rate (sensitivity) against the false positive rate (specificity) for different possible cut points. They show the trade-off between sensitivity and specificity where any increase in sensitivity is accompanied by a decrease in specificity. The closer any curve follows first the left-hand and then the top border of the ROC space, the higher the accuracy is. The accuracy of our tests depended on how the groups being tested were separated into those with and without experimental activity. Accuracy is measured by the area under the ROC curve. An area of 1 represents a perfect test and an area of 0.5 indicates a poor test. Similar to the regression analysis, when an area approaches 1, the power of discrimination increases. Table 1 presents the area under curve (AUC) values of the grid files for each algorithm. The clear steady increase shown in Table 1 indicates that using a restricted grid file restricted with ASP 79 and/or HOH 539 or by defining the position of ligand based on the position of HOH 539 both gave better results in terms of ligand positioning during docking and successfully discriminated false positives. In the light of these results, we decided to continue with the restricted grid file for the further evaluation of the test set.
Test set docking, scoring and ROC curves
Based on the ROC evaluated AUC from the trial set, deciding on further dockings restricted to certain bonding to ASP 79 and/or HOH 539 is a challenge since it is virtually essential to eliminate all the water molecules. The reason for this is that in some docking algorithms such as molecular dynamic and induced fit in which both the receptor and the ligands are flexible to a certain degree, the free water molecules can easily cause various problems. This is why in this study we kept the receptor rigid and the ligand flexible. In addition, previous crystallographic data showed that bonding with ASP 79 through bridging water exactly in this position facilitates further interactions 18 .
In the test set, over a million compounds were processed during docking calculations and AUC was reduced only by 2%. Then, to decrease the process time and computer load after HTVS, we decided to have a cut-off point for 240,000 Figure 1 shows the AUC and ROC values for each protocol using the grid file restricted with ASP 79 and/or HOH 539.
Of the 239,737 compounds scored by the XP algorithm using the chosen grid file, 12 with the highest score were sorted in descending order with ZINC database codes and evaluated for biological activity (Figure 2) . The reason for selecting the top 12 compounds was that Compound 13 was the first active compound after the docking procedure and had the following structure; methyl 3-{[(4-[(3,4-dichlorobenzyl)oxy]-1H-indazol-3-yl)methyl]amino}cyclohexanecarboxylate. This active structure of Compound 13 has also been reported in previous studies 21, 22 .
Figure 2:
Compounds of the test set that scored highest using the XP algorithm.
Biological activity
Compound 2 was synthesized with <95% purity and thus was discarded from biological testing. The remaining eleven compounds were tested against standard novobiocin with the MT gyrase supercoiling assay at the concentrations of 1 mg/20µL, 1 mg/50µL and 1 mg/100µL (w/v). Among all compounds, only Compound 10 with the 5-(4-aminophenoxy)-2-(3-aminophenyl)-2,3-dihydro-1H-izoindole-1,3-dione structure showed a similar inhibitor activity compared to the standard. The results of gel electrophoresis at 1 mg/100µL concentration of each compound are given in Figure 3 . 
MIF and distance/interaction probability analysis
The MIF analysis between the homology model and Compound 10 based on the selected probes of GRID 22c demonstrated that ROR and RCOR probes were not effective. The visualisations of R-NH 2 (including unbounded electrons), R 1 R 2 NH (including unbounded electrons), CONH 2 , R-OH, Ph-OH, water and hydrophobic probes are presented in Figure 5 . The MIF analysis showed that the 4-aminophenyl group fits into the hydrophobic pocket surrounded by Val; 49, 77, 125, 171, Ile 84 and Arg 92. The same site controls the condensed phenyl part of the isoindole ring providing an angle between the ether bridge and the 4-aminophenyl group. The 3-aminophenyl group interacts with Ala 59, Ser 111 and Asp 110 alpha carbons on the loop site of a protein. Therefore, the most appropriate structures for the hydrophobic pocket appear to be the aromatic ones. The substituted amines, hydroxyl or the amide functional group seemed to facilitate better interactions than the primary amine of the phenyl group. The distance between the isoindole ring and the 4-aminophenoxy group should be maximum 1.4 A o . Ether bridge is not actually a requirement for receptor-ligand interaction. Furthermore, the 4 th carbon of the isoindole ring can be converted to nitrogen for more suitable interactions. In addition, we suggest that amino substation on the 3 rd carbon of the phenyl group should be re-located to the 4 th and 5 th positions to increase the activity. The attachment of probable hydrogen bonding groups to the phenyl ring appears to be suitable for accurate bonding with Asp55. The results indicate that preserving the isoindole ring system is important for modifications to the ring system and for hydrophobic stabilisation with the surrounding amino acids.
The results of this study showed that ROC curves can be effectively used for the correction of scoring functions not only in x-ray crystallographic data, but also in homology models. For future work, we are planning to use the results of MIF and interaction probability to design new isoindole derivatives, which may be beneficial for DNA gyrase B ATPase inhibition. 
